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Oxidative Stress–Induced Calreticulin Expression and
Translocation: New Insights into the Destruction of
Melanocytes
Yajun Zhang1,2, Ling Liu1,2, Liang Jin1,2, Xiuli Yi1, Erle Dang1, Yang Yang1, Chunying Li1 and Tianwen Gao1
Increased reactive oxygen species (ROS) contribute to melanocyte apoptosis and the development of cutaneous
diseases or disorders via autoimmunity. However, the mechanisms and interrelationships between ROS and
autoimmunity are unknown. This study aimed to investigate the role of calreticulin (CRT) in hydrogen peroxide
(H2O2)–induced apoptosis in melanocytes. Total CRT levels increased in a time-dependent manner in human
immortalized normal and vitiligo melanocytes exposed to H2O2-induced oxidative stress, and surface levels of
CRT were increased. Moreover, CRT overexpression increased H2O2-induced apoptosis, whereas knockdown
showed the opposite results. Furthermore, CRT-treated peripheral blood mononuclear cells (PBMCs) or stressed
melanocytes expressed higher levels of IL-6 and tumor necrosis factor-a (TNF-a) than untreated cells (Po0.05);
this effect was inhibited with CRT knockdown. In an in vivo model, CRT levels were positively correlated with
lesion area (R¼ 0.7582, Po0.0001) and duration of vitiligo in patients (Po0.001). ELISA analyses revealed that CRT
expression was higher in vitiligo patients as compared with healthy subjects (Po0.05). These data demonstrate
that CRT exposure via H2O2-induced oxidative stress plays a significant role in melanocyte apoptosis and suggest
a relationship between apoptosis and immune reactions during melanocyte destruction.
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INTRODUCTION
As the largest organ in the human body, skin provides
important protection against physical and/or chemical trauma
in the environment (Lippens et al., 2009). The epidermis, the
dermis, and a basement membrane separating them comprise
the organ. The majority of the basement membrane is
composed of melanocytes originating from neural crest cells
(Fuchs and Raghavan, 2002; Proksch et al., 2008). Owing to
their location, melanocytes are vulnerable to be attacked by a
large number of exogenous chemicals (Bickers and Athar,
2006). These environmental toxicants or their metabolites are
inherent oxidants driving the production of a variety of
reactive oxygen species (ROS), including hydrogen peroxide
(H2O2) (Bogeski et al., 2012). ROS induce apoptosis in
melanocytes, indicating that apoptosis may be an important
mechanism in the destruction of melanocytes (Yang et al.,
2000; Jian et al., 2011; Liu et al., 2012). Melanocytes serve as
ROS scavengers and play a role in the skin immune system
(Kobayashi et al., 1998), secreting a wide range of signal
molecules and responding to growth factors and cytokines
(Choi et al., 2013). However, uncontrolled release of ROS
drives the induction of oxidative stress that can cause
melanocytes to become susceptible to apoptosis and may be
critical for the pathogenesis of various human skin disorders
and abnormal immune reactions (Briganti and Picardo, 2003),
such as generalized vitiligo (Rezaei et al., 2007; Spritz, 2008;
Jin et al., 2010), a complex disorder resulting from melanocyte
apoptosis and autoimmunity (van den Boorn et al., 2009;
Wu et al., 2013; Mosenson et al., 2013). However, the
mechanisms underlying the aberrant immune reactions
induced by ROS-mediated melanocyte apoptosis, including
cell surface changes, are not completely understood. Thus,
from both a physiological and a disease standpoint, there is a
need to understand the process of melanocyte destruction
during oxidative stress.
Apoptosis was originally thought to be immunologically
silent; however, this notion has been changed by tremendous
progress in recent years. A fresh concept of immunogenic
apoptosis has emerged. Immunogenic apoptosis (Obeid et al.,
2007b) has all of the predominant hallmarks of physiological
apoptosis (Garg et al., 2010). Additionally, it can emit vital
‘‘immunogenic signals’’ and comprise damage-associated
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molecular patterns (DAMPs) to activate the immune system
(Garg et al., 2010; Galluzzi et al., 2012; Garg et al., 2012),
which include surface-exposed calreticulin (CRT). CRT is
a ubiquitous protein localized predominantly in the
endoplasmic reticulum of eukaryotic cells and it plays a
central role in intracellular Ca2þ homeostasis (Krause and
Michalak, 1997; Guermonprez et al., 2003; Michalak et al.,
2009; Rutkevich and Williams, 2011; Frasconi et al., 2012).
CRT can also localize to the surface of some cells, such as
monocytes, macrophages, neutrophils, T cells, and dendritic
cells (DCs) (Cho et al., 2001; Gardai et al., 2005; Porcellini
et al., 2006; Wang et al., 2012). Cell surface CRT is thought to
affect antigen presentation, complement activation (Donnelly
et al., 2006; Fogal et al., 2008; Del Cid et al., 2010), clearance
of apoptotic cells (Gardai et al., 2005), and the
immunogenicity of cancer cell death (Obeid et al., 2007b).
Recent studies have found that intracellular CRT translocates
to the cell surface in response to anthracyclines and high
doses of irradiation in a variety of human and rodent cancer
cells, including melanoma (Obeid et al., 2007c; Perez et al.,
2009; Mosca and Robertson, 2011). Surface CRT then initiates
an ‘‘eat me’’ signal (Chao et al., 2010) in apoptotic cells that is
critical for the recognition and engulfment of dying tumor cells
by DCs. In contrast, apoptotic cells have been suggested to
be phagocytized because of their lack of CD47 (an integrin-
associated protein) expression, which normally produces a
‘‘don’t eat me’’ signal, and the coordinate upregulation of cell
surface CRT in fibroblasts, neutrophils, and Jurkat T cells
(Gardai et al., 2005). Moreover, overexpression of CRT has
been shown to increase H9c2 cell susceptibility to H2O2-
induced cytotoxicity (Ihara et al., 2006), indicating that CRT
expression is a key factor determining cellular susceptibility to
H2O2-mediated oxidative stress–induced apoptosis. However,
the relationship between CRT and ROS-induced apoptosis in
melanocytes is still unknown. Thus, it is important to deter-
mine whether immunogenic apoptosis can be induced by
oxidative stress and whether similar molecular events occur in
human melanocytes. Whether CRT is involved in melanocyte
apoptosis under physical and/or pathological conditions needs
to be investigated.
Here, we demonstrated that when melanocytes underwent
H2O2-mediated oxidative stress, CRT translocated to the cell
surface, increasing melanocyte immunogenicity and serving
as a key step linking apoptosis and the immune reactions that
may provide a paradigm for melanocyte apoptosis.
RESULTS
Effects of H2O2-mediated oxidative stress on melanocyte CRT
levels
Apoptosis was assessed in PIG1 cells (the immortalized human
epidermal melanocytes) and PIG3V cells (the immortalized
vitiligo epidermal melanocytes). Compared with the control
cells, the number of apoptotic and necrotic cells increased in a
dose-dependent manner after H2O2 stimulation over a 24-hour
period (Supplementary Figure S1a online). From these data,
specific concentrations of H2O2 were chosen according to the
induction of a statically significant increase in apoptosis, before
necrosis (PIG1, 400mM; PIG3V, 200mM; Figure 1a and b).
The relationship between CRT expression and H2O2-
mediated oxidative stress was investigated using annexin
V-FITC/propidium iodide (PI) staining. Real-time PCR, used
to measure CRT mRNA levels in PIG3 and PIG3V cells,
showed that CRT mRNA was significantly increased by H2O2
treatment in a time-dependent manner. Increases of 42- and
4-fold were observed in PIG1 and PIG3V cells, respectively, at
2 hours after treatment (Figure 1c and e). Total CRT protein
expression changes were observed by western blot and
immunofluorescence confocal microscopy (Figures 1d, and f,
and 2a), which were consistent with changes in mRNA levels.
Together, these data demonstrated that the expression of CRT
increased under H2O2-induced apoptosis in melanocytes,
implying that CRT may be associated with melanocyte
apoptosis.
CRT exhibited H2O2-dependent translocation to the surface of
melanocytes
When we performed immunofluorescence confocal micro-
scopy to confirm the expression level of CRT, cell surface
changes were observed during melanocyte apoptosis at the
same time. CRT was markedly increased on the stimulated cell
surface, whereas less CRT was detected on the surface of
control cells (Figure 2a).
Flow cytometry was used to assess the surface expression of
CRT so as to confirm that CRT was predominantly present on
melanocytes during apoptotic stress. PIG1 and PIG3V cells
were stimulated with the previously determined concentra-
tions of H2O2, and CRT expression was assessed. A total of
15–45% of cells expressed increasing levels of CRT on the cell
surface compared with that of nonstimulated cells at 15, 30,
60, and 120 minutes of H2O2 exposure (Figure 2b and d). Less
than 5% of the cells were PI permeable, and these showed
only low-intensity staining for CRT (data not shown).
The CD47 (which has a counterbalance role for CRT) levels
accompanying CRT expression were also examined after
H2O2 stimulation. Intriguingly, CD47-positive cells decreased
from 42 to 10% during the 2-hour stimulation (Figure 3c
and e). These results demonstrated that surface externalized-
CRT (ecto-CRT) levels increased as the cells became apoptotic
and that CD47 levels decreased concurrently.
Transfection of CRT affected melanocyte apoptosis under H2O2-
mediated oxidative stress
To investigate the role of CRT in the regulation of melanocyte
apoptosis in response to H2O2-mediated oxidative stress, we
used pCMV6-AC-CRT or CRT short interfering RNA (siRNA)
to upregulate or downregulate CRT expression, respectively.
Real-time PCR and western blot showed significant changes in
CRT mRNA and protein levels after transfection compared
with mock vector or scrambled siRNA (Supplementary Figure
S2a–d online). In subsequent experiments, PIG1 and PIG3V
cells were pretreated with different agents (pCMV6-AC,
pCMV6-AC-CRT, scrambled siRNA, or CRT siRNA3) for
48 hours, and the effects of H2O2 were examined by annexin
V-FITC/PI staining. As shown in Figure 3a and b, overexpres-
sion of CRT led to significant increases in oxidative stress–
induced apoptosis (17.8% vs. 48.1% and 25.7% vs. 52.5% for
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treated PIG1 and PIG3V cells, respectively), whereas the per-
centage of apoptotic cells was decreased with CRT knockdown
(18.7% vs. 9.7% and 33.2% vs. 10.1% for treated PIG1 and
PIG3V cells, respectively). These results indicated that CRT
regulated the apoptosis of melanocytes during oxidative stress.
As ecto-CRT was recognized as an immunogenic apoptosis
marker in tumor cells (Obeid et al., 2007b), we next
hypothesized that this event may occur during melanocyte
apoptosis. PIG1 and PIG3V cells were transfected with CRT
siRNA, treated with H2O2, and then further incubated with
peripheral blood mononuclear cells (PBMCs) from healthy
subjects (n¼ 6). Combined transfection with scramble siRNA
or CRT siRNA3 and treatment with H2O2 led to promotion of
the secretion of the proinflammatory factors tumor necrosis
factor-a (TNF-a) and IL-6 as compared with no treatment with
H2O2. Moreover, under treatment with H2O2, CRT siRNA3
achieved the inhibitive effect on the production of TNF-a and
IL-6 as compared with scramble siRNA (Figure 3c–n). These
findings demonstrated that H2O2-induced melanocytes under-
went immunogenic apoptosis via exposure to CRT, leading to
the stimulation of proinflammatory factors.
Analysis of the association between CRT and melanocyte
destruction in vivo
From the above results, we further investigated the role of CRT
in vitiligo patients (as a model of melanocyte destruction).
First, we detected CRT and anti-CRT antibodies in the serum
and plasma from individual vitiligo patients and healthy
subjects. Levels of CRT and its antibodies were increased in
the plasma (Po0.05) of patients as compared with healthy
controls, whereas no differences were observed in the serum
(P40.05, Supplementary Figure S3b online).
We next performed ELISA tests using plasma from both
vitiligo patients and healthy subjects. We found that there was
a positive relationship between the expression of CRT and
lesion area in vitiligo patients (R¼ 0.7582, Po0.0001;
Figure 4a). Moreover, CRT presented at higher levels in the
active phase (n¼25, 213.016±25.363 pg ml1) than in the
stable phase (n¼ 25, 106.012±13.753 pg ml1; Po0.001;
Figure 4b) of vitiligo. Furthermore, the average plasma CRT
level in vitiligo patients (n¼25, 156.3±10.61 pg ml1)
was higher than that in healthy subjects (n¼25, 111.9±
8.25 pg ml1; P¼0.0038; Figure 4c). Interestingly, the oppo-
site relationship was observed for anti-CRT antibody levels
(176.9±13.27 pg ml 1 in healthy subjects vs. 235.7±
19.9 pg ml1 in vitiligo patients; P¼0.0161; Figure 4d).
DISCUSSION
The mechanism through which melanocytes are destroyed in
the skin under oxidative stress has not been determined. Here,
we reported that CRT expression was increased in response to
H2O2 in human melanocytes. In addition, the surface levels of
CRT were increased as the cells became apoptotic, and this
correlated with decreased CD47 levels in a time-dependent
manner. These results implied that CRT may be associated
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Figure 1. Calreticulin (CRT) expression increased after exposure to hydrogen peroxide (H2O2)–induced oxidative stress. After exposure to specific concentrations
of H2O2, CRT expression was evaluated in PIG1 and PIG3V cells at 0 minutes, 15 minutes, 30 minutes, 1 hour, and 2 hours of H2O2 treatment. (a, b) Cells
were stained with annexin V and propidium iodide (PI) for 24 hours and analyzed by flow cytometry (FCM). Specific concentrations of H2O2 were chosen
according to the induction of a statistically significant increase in early apoptosis (annexin-Vþ /PI ), before necrosis (annexin-V /PIþ and annexin-Vþ /PIþ ;
apoptosis rates: PIG1, 66.6%; PIG3V, 47.7%). (c, d, e, and f) CRT mRNA levels increased within 2 hours in both PIG1 and PIG3V cells. Total CRT protein levels
showed similar results. Con, Control. One-way analysis of variance (ANOVA), followed by Kruskal–Wallis test, and followed by Dunn’s multiple comparison test
were performed, yielding a P-value for all comparisons. *Po0.05 and ***Po0.001.
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Figure 2. Calreticulin (CRT) translocated to the surface of melanocytes under hydrogen peroxide (H2O2)–mediated oxidative stress. Surface externalized CRT
(ecto-CRT) increased as the cells became apoptotic. (a) CRT was labeled with an antibody conjugated to Cy3 (red). Hoechst 33258 was used to stain the nucleus (blue)
by immunofluorescence confocal microscopy (bar¼ 60mm). DAPI, 4’,6-diamidino-2-phenylindole. (b, d) CRT increased in a time-dependent manner in both PIG1
and PIG3V cells, as observed by FACS. (c, e) CD47 expression decreased concomitant with an increase in CRT levels. One-way analysis of variance (ANOVA),
followed by Kruskal–Wallis test, and followed by Dunn’s multiple comparison test were performed, yielding a P-value for all comparisons. *Po0.05.
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with apoptosis. Furthermore, under oxidative stress, the over-
expression of CRT increased the susceptibility of melanocytes
to apoptosis, whereas CRT knockdown exerted the opposite
effects, reflecting its role in regulating melanocyte apoptosis.
Accordingly, we found that ecto-CRT was capable of inducing
proinflammatory cytokine expression (e.g., IL-6 and TNF-a) by
human PBMCs in vitro, indicating that CRT mediated mela-
nocyte apoptosis through an immunogenic pathway. In a
clinical model, we observed a positive relationship between
the duration of vitiligo or lesion area and CRT levels in vitiligo
patients.
CRT was recently reported to be the second general marker
for recognition of mammalian apoptotic cells by phagocytes,
with membrane phosphatidylserine being the first (Kuraishi
et al., 2007). We demonstrated that when melanocytes were
exposed to oxidative stress, CRT increased in a time-dependent
manner before 2 hours of phosphatidylserine exposure. Obeid
et al. (2007b) reported that CRT exposure was so rapid that it is
detectable as early as 1 hour after treatment, and it preceded
the apoptosis-associated pohosphtidylserine. Therefore, as an
oxidative stress-specific danger signal, CRT expression may
occur upstream of apoptosis in melanocytes. The function of
CRT in apoptosis is supported by other findings, showing that
CRT-overexpression cells are more prone to apoptosis than
CRT-deficient cells (Prathyuman et al., 2010; Tarr et al., 2010).
Our study demonstrated that oxidative stress–induced apoptosis
in melanocytes is regulated by CRT expression, implying that
CRT participates in the process of oxidative stress–induced
apoptosis in melanocytes.
Immunogenic apoptosis has all of the predominant hall-
marks of physiological apoptosis. Additionally, it can emit
vital ‘‘immunogenic signals’’ comprised of DAMPs to activate
the immune system (Garg et al., 2010; Galluzzi et al., 2012;
Garg et al., 2012). Surface CRT is a crucial DAMP mediating
the immunogenic death of tumor cells and the subsequent
contact of DAMPs with DCs (Spisek et al., 2007). DCs have
the capacity to augment melanocyte apoptosis in certain
circumstances, and DAMPs then secondarily activate DC
effector functions, resulting in melanocyte death (Kroll et al.,
2005). However, whether CRT expression affects the extent to
which melanocytes are phagocytosed remains unknown. This
study provided evidence of the function of CRT within human
melanocytes during stress conditions, such as those that occur
during apoptosis. Several reports have demonstrated that CRT
is not exposed on cells during nonimmunogenic cell death,
but it is exposed on cells that succumb to immunogenic cell
60
*
*
*
*
*
*
**
**
**
**
**
40
20
Ap
op
to
sis
 c
el
ls 
(%
)
0 0
20
40
60
80
0
20
40
60
80
0
20
40
60
80
0
20
40
60
80
100
0
20
40
60
80
100
***
***
***
Scramble siRNA
Scramble siRNA
Scramble siRNA
CRT siRNA-3
CRT siRNA-3
Scramble siRNA CRT siRNA3
Scramble siRNA CRT siRNA-3
CRT siRNA-3
Scramble siRNA
CRT siRNA-3
Scramble siRNA
CRT siRNA-3
Scramble siRNA
CRT siRNA-3
pCMV6-AC pCMV6-
C-CRT
60 ***
40
20
Ap
op
to
sis
 c
el
ls 
(%
)
0
40
20
10
30
Ap
op
to
sis
 c
el
ls 
(%
)
0
pCMV6-AC pCMV6-
AC-CRT
25
*
20
15
10
5Ap
op
to
sis
 c
el
ls 
(%
)
0 0 0
200
400
600
800
0
200
400
600
800
1,000
500
1,000
1,500
0 0
200
400
600
800
1,000
500
1,000
1,500
0
200
400
600
800
1,000
0
50
100
150
CRT
siRNA3
Scramble siRNAPI
G
1
PI
G
3V
CRT siRNA3
pCMV6-AC pCMV6-AC-CRT
Scramble siRNA CRT siRNA3
CRT
siRNA3
Scramble
siRNA
Scramble
siRNA
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death; whether this event contributes to the destruction of
melanocytes remains unclear, and this will be the focus of our
later studies.
To the best of our knowledge, no other reports have
investigated surface changes during melanocyte apoptosis.
Previous studies have provided evidence of the redistribution
of CRT from the endoplasmic reticulum lumen to the cell
surface in human Jurkat T cells and the mouse melanoma cell
line, B16F0, during apoptosis (Gardai et al., 2005; Perez et al.,
2009). We initially found CRT on the melanocyte cell surface
in response to H2O2-induced oxidative stress, and its
expression increased rapidly after the induction of apoptosis.
As surface levels of CRT increased, there was a concomitant
decrease in CD47 expression as well. When CRT translocated
on the cell surface as an ‘‘eat me’’ signal, it helps specialized
phagocytic cells recognize, ingest, and process dying cells
(Chao et al., 2010). CD47, on the other hand, is a pentaspanin
cell surface protein that serves as a ‘‘don’t eat me’’ signal,
inhibiting phagocytosis. Apoptotic cells are believed to
become phagocytosed because of a lack of CD47 expression
and the coordinated upregulation of cell surface CRT (Gardai
et al., 2005). These observations suggest a counterbalance
between CRT and CD47; when the balance is tipped,
melanocyte apoptosis is favored. Cell surface CRT has been
reported to exhibit important functions in cell activation and
the clearance of apoptotic and tumor cells (Cho et al., 2001;
Gardai et al., 2005; Porcellini et al., 2006; Del Cid et al.,
2010). Some tumors display CRT on their cell surfaces, which
usually elicits an ecto-CRT-dependent, antitumor immune
response (Obeid et al., 2007a,b). Thus, in our study,
incubation with stressed melanocytes was shown to induce
IL-6 and TNF-a expression in PBMCs from healthy subjects,
revealing that the immune response occurred after apoptosis
during the destruction of melanocytes. Taken together, these
data indicated that melanocytes may undergo immunogenic
apoptosis, but not traditional nonimmunogenic apoptosis,
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because of H2O2-mediated exposure of CRT on the cell
surface.
To further investigate the role of CRT in melanocyte
destruction model, vitiligo patients were applied to testify
our findings in vivo. Vitiligo (Ezzedine et al., 2012) is a
multifactorial polygenic disorder occurring through undefined
mechanisms; however, evidence has proven that melanocyte
apoptosis may be an important mechanism in the destruction
of melanocytes (Yang et al., 2000). In addition, CD8þ
T-cell infiltration and ROS accumulation occur surrounding
vitiligo lesions. Thus, theories regarding the destruction of
melanocytes mainly include autoimmunity and oxidative
stress mechanisms; however, their relationships have still not
been defined. Based on the above results, we postulated that
CRT would have the same role in cells as in patients.
Interestingly, we found that there was a positive relationship
between CRT expression and the duration of disease and
lesion area in vitiligo patients. Thus, CRT overexpression was
correlated with the degree of destruction of melanocytes,
further suggesting that CRT was the main regulator of oxidative
stress–-induced apoptosis in melanocytes.
As melanocytes undergo immunogenic apoptosis, we
assume that besides oxidative stress, autoimmune effector
mechanisms also mediate killing of melanocytes, either by
memory cytotoxic T cells or by autoantibodies directed against
melanocyte surface antigens. Our study demonstrated that
levels of soluble CRT were higher in vitiligo patients than in
healthy subjects; however, anti-CRT antibodies showed the
opposite results, which is not completely consistent with
previous reports (Hong et al., 2010). These results suggested
that the immune function of CRT might not be dependent on
the presence of antibodies. In addition, coculture of PBMCs
from human blood samples with CRT showed that CRT can
stimulate the expression of IL-6 and TNF-a, suggesting that
CRT-mediated melanocyte destruction may induce the immune
response, thereby affecting melanocytes through cellular
immunity. This hypothesis will require further exploration.
In conclusion, the relevance of extracellular CRT in human
health and disease is substantial. CRT plays an important role
in PIG1 and PIG3V cells during oxidative stress and may
mediate immunogenic apoptosis in melanocytes. Furthermore,
ecto-CRT was observed to promote proinflammatory cytokine
secretion. A melanocyte destruction model demonstrated that
CRT was maintained at high levels in the circulation of vitiligo
patients, suggesting a persistent release of CRT under cell
stress (Figure 4e). These findings shed new light on the
mechanism of apoptosis in melanocytes. Based on these
findings, future studies regarding the signaling pathways that
mediate CRT translocation in melanocyte apoptosis will be
conducted. In addition, further studies would help elucidate
the mechanism of CRT translocation and may facilitate the
development of better therapeutics for pigmentation and
associated disorders.
MATERIALS AND METHODS
Cell culture and chemicals
PIG1 and PIG3V cells (both generously provided by Dr Caroline Le
Poole, Loyola University Chicago, Chicago, IL) were cultured in
Medium 254 (Cascade Biologics, Portland, OR) supplemented with
human melanocyte growth supplement (Cascade Biologics), 5% fetal
bovine serum (Invitrogen, San Diego, CA), and penicillin/streptomy-
cin (Invitrogen) at 37 1C in the presence of 5% CO2. Both cell lines
were immortalized by retroviral introduction of the human papillo-
mavirus type 16 E6 and E7 genes (Evans et al., 1997). Analytical pure-
grade H2O2 was purchased from Xi’an Chemical Reagent Factory
(Xi’an, China).
Induction of apoptosis
PIG1 and PIG3V cells (5 106) were treated with H2O2 (400 and
200mmol l 1) for 15, 30, 60, or 120 minutes to assess apoptosis rates.
Apoptotic and necrotic cells were identified using the Annexin
V-FITC Apoptosis Detection Kit (4Abio, Beijing, China) following
the manufacturer’s instructions.
Real-time PCR analysis
Real-time PCR was performed with SYBR Premix Ex Taq II (TaKaRa,
Ohtsu, Japan) on a Chromo4 continuous fluorescence detector with a
PTC-200 DNA Engine Cycler (Bio-Rad, Hercules, CA) to determine
the relative mRNA levels of CRT (primers: forward, 50-GTCGATG
TTCTGCTCATGTTTC-30 and reverse, 50-AAGTTCTACGGTGACGAG
GAG-30) and b-actin (internal control). The cycling conditions were as
follows: 95 1C for 2 minutes followed by 43 cycles of denaturation at
95 1C for 5 seconds, annealing at 58 1C for 10 seconds, and extension
at 72 1C for 15 seconds. The specificity of the PCR amplification was
verified by a dissociation curve analysis. All reactions were run in
triplicate for at least three independent experiments. Analyses of gene
expression data were performed using the 2mmCT method (Livak and
Schmittgen, 2001).
Western blot analysis of CRT
After treatment, cells were homogenized in cell lysis reagent (Runde
Biologicals, Xi’an, China) and phenylmethanesulfonyl fluoride (pro-
tease inhibitor mix; Sigma-Aldrich, St Louis, MO). Equal amounts of
protein were separated by 10% SDS-PAGE (Bio-Rad) and were then
transferred from the gel to polyvinylidene difluoride membranes
(Millipore, Billerica, MA). PageRuler Plus prestained protein ladder
(Fermentas, Hanover, MD) was used to confirm protein electrophor-
esis and transfer. After blocking in a solution of 5% nonfat dry milk
diluted in Tris-buffered saline, the membranes were washed and
incubated with primary antibodies (rabbit polyclonal anti-CRT or
mouse monoclonal anti-b-actin; Abcam, Cambridge, MA) overnight at
4 1C. After washing, the membranes were incubated with horseradish
peroxidase–conjugated secondary antibodies (anti-rabbit IgG or anti-
mouse IgG; Santa Cruz Biotechnology, Santa Cruz, CA) for 2 hours at
room temperature. Bound antibodies were detected using a chemilu-
minescence detection kit (KPL, Gaithersburg, MD).
Transient transfection of CRT
The pCMV-AC mammalian expression plasmid containing full-length
CRT and three siRNAs specific for CRT (CRT siRNA1, 2, and 3) as
well as scrambled sequence (scrambled siRNA) were purchased from
OriGene Technologies (Rockville, MD). The siRNA sequences are
listed in Supplementary Table S1 online. PIG1 and PIG3V cells
(2 105 cells per well for 6-well plates) were plated into each well
and cultured for 24 hours. For overexpression of CRT, cells were
transfected with pCMV-AC-CRT (4mg per well for 6-well plates)
at 90–95% confluence by Lipofectamine 2000 (Invitrogen). For
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knockdown of CRT, melanocytes were transfected with CRT siRNA
(100 pmol per well for 6-well plates) and mixed with Lipofectamine
after 20 minutes. For both, after a 4-hour incubation in serum-free
254 medium, cells were recovered in normal medium after removal
of transfection reagents and harvested after 48 hours. After transfec-
tion, cells were assessed for changes in mRNA and protein. Three
different CRT-specific siRNAs were tested, and CRT-siRNA3 was
chosen to be used in further experiments because it was the most
efficient and least cytotoxic among the siRNAs (Supplementary
Figure S2 online). Transfected melanocytes in six-well plates were
incubated for an additional 2 hours with H2O2 and then cocultured
with PBMCs from vitiligo patients to evaluate cytokine production
(IL-6 and TNF-a). pCMV-AC-transfected, scrambled siRNA-trans-
fected (no CRT or targeting siRNA), and control cells (no transfection)
were included in each experiment.
Flow cytometry analysis
Cells were surface stained at 4 1C for 30 minutes with CRT (ab92516)
and CD47 (ab3283) mAbs from Abcam. The cells were then stained
with donkey anti-rabbit IgG secondary antibodies conjugated to
phycoerythrin and anti-mouse IgG antibodies conjugated to FITC
(12-4793 and 11-4011, eBioscience, San Diego, CA) for 30 minutes.
The cells were analyzed using FACS (FACScan; Beckman-Coulter,
Brea, CA), and the fluorescence intensity of stained cells was gated on
PI-negative cells.
Immunofluorescence confocal microscopy
Melanocytes were seeded in 24-well plates at a density of 104 cells
per well and then treated with H2O2, as above. Cells were washed
twice with phosphate-buffered saline and blocked with 0.1% BSA
in phosphate-buffered saline for 1 hour. Antibodies or controls were
added 1 hour before washing and fixation (4% paraformaldehyde and
3% sucrose) (Gardai et al., 2005). A secondary antibody (Cy3-tagged
rabbit anti-goat) was added for an additional 30 minutes before
washing and preparation for microscopy. Samples were analyzed
using an FV-1000/ES confocal microscope (Olympus, Tokyo, Japan).
Plasma samples from patients and healthy subjects
Peripheral blood was collected from vitiligo patients and healthy
volunteers at the Department of Dermatology at the Fourth Military
Medical University Xijing Hospital (Xi’an, China). The patients were
diagnosed according to the criteria of the VASI and the Vitiligo
European Task Force (VETF) (Kawakami and Hashimoto, 2011).
Segmental vitiligo was excluded from this study (for details, see
Supplementary Methods online). Blood samples were processed
within 18 hours of collection and were stored at –80 1C until use.
All subjects consented by written agreement to inclusion in this
study, which was approved by the Fourth Military Medical Uni-
versity’s Ethics Committee. The study protocol and the protocols for
obtaining informed consent complied with the Declaration of
Helsinki Principles.
Measurement of CRT and cytokines by ELISA
CRT was assayed using a commercially available assay kit (Uscn Life
Science, Wuhan, China). The absorbance (A450) was measured with
a plate reader (MRP-2100; Syntron, Carlsbad, CA). Detection sensi-
tivity of this ELISA system was at least 0.6 ng ml 1. All plasma
samples were diluted 1:10 before the assay. Isolated human PBMCs
(1 106) (van den Boorn et al., 2009) were incubated
with or without H2O2-stimulated and -transfected PIG1 or PIG3V
cells in RPMI-1640 in 96-well cell culture plates for 48 hours in a 5%
CO2 incubator at 37 1C. The concentrations of CRT, TNF-a, and
IL-6 in the culture supernatants were determined using ELISA kits
(Uscn Life Science) following the manufacturer’s instructions. CRT
and cytokine titers were expressed as pg ml 1. For all biochemical
determinations, the optical density was read using a microplate
reader at 450 nm.
Statistical analysis
All experiments were repeated at least three times, and statistical
analyses were performed using GraphPad Prism 5.0 (GraphPad
Software, San Diego, CA). For experiments with more than two
groups, the differences between groups were compared by a one-way
analysis of variance followed by Dunnett’s test or a two-way analysis
of variance followed by the least significant difference multiple
comparison test, in which all groups were tested against a control
group as a reference. For experiments with only two groups, paired,
unpaired t-test, or Mann–-Whitney test were used for comparisons of
group means. For cytokine secretion experiments, cell supernatants
were assayed in duplicate, and mean±SEM was calculated. Spear-
man’s correlation was used to correlate plasma CRT protein levels
with the lesion area in patients with vitiligo. The P-values of o0.05
were considered to represent significant differences.
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